like chelates [7, 8] . In this regard attention was drawn to the fact that as biological processes are very selective, various REEs may behave in different ways depending on their ionic size [9] . Hence the need to determine all the members of the REE group may appear to be very important in several future studies.
Only a few analytical methods, namely inductively coupled plasma mass spectrometry (ICP-MS), neutron activation analysis (NAA), inductively coupled plasma atomic emission spectrometry (ICP-AES) and X-ray fl uorescence (XRF) [10] [11] [12] , have the potential to accurately determine all or most of the members of the REE group at trace and ultra-trace levels (10 -7 -10 -9 g·g -1 ). Each of these methods may suffer from matrix effects and various kinds of interferences depending on the kind of materials being analysed. Therefore, some of the authors emphasized that the pre-separation of the REE group from most of the matrix elements is benefi cial to fully exploit the capabilities of each method.
The purpose of this work was to elaborate two independent separation schemes based on ion exchange chromatography for the selective and quantitative isolation of the REE group from accompanying elements and to use them for REE determination in materials of biological and geological origin by employing available analytical techniques. It was hoped that by using suitable certifi ed reference materials (CRMs) the comparison of results with those obtained by direct methods (without the use of REE pre-separation) would enable the identifi cation of possible sources of systematic errors.
Experimental
Ion exchange resins, radioactive tracers, certifi ed reference materials, reagents
The following ion exchange resins were used in this study: macroporous amphoteric Purolite S950 [H + ] with aminophosphonic groups and particle size fractions of 35-65 and 50-100 m (Purolite International Ltd.); gel-type amphoteric Chelex 100 [H + ] with iminodiacetic acid groups, 200-400 mesh (Bio-Rad Laboratories); gel-type amphoteric Retardion 11A8 particle size 49-92 m (Bio-Rad Laboratories); gel--type strongly acidic Dowex 50WX8, 100-200 mesh and 200-400 mesh (Bio-Rad Laboratories); gel-type strongly basic anion exchange Dowex 1X4 [Cl − ], 100-200 mesh (Serva Feinbiochemika). All these resins were of analytical grade. Additional purification was applied by successively passing through a column with a given ion exchanger a large excess of 1 M HCl (or HNO 3 ), H 2 O, 1 M NaOH, H 2 O, and 1 M HCl (or HNO 3 ).
The following certifi ed reference materials (CRMs) were used in this study: Tea Leaves INCT-TL-1 (Institute of Nuclear Chemistry and Technology, Warsaw, Poland) and Chinese Stream Sediment NCS DC73316 (National Analysis Center for Iron and Steel, Beijing, China). The moisture content in CRMs was determined according to recommendations of the manufacturers.
Hydrochloric and nitric acids of analytical grade were additionally purifi ed by a quartz sub-boiling distillation system. Moreover, 48% HBr (POCH, Poland), 40% HF (Merck Millipore Co.), 30% H 2 O 2 (Chempur, Poland) and 30% NH 4 OH (Chempur, Poland) were applied. All other reagents used in this study were of analytical grade. Ultra-pure (18 M·cm) water was obtained from the Milli-Q RG Ultrapure Water System (Merck Millipore Co.).
The following radioactive tracers were used during the elaboration of the separation schemes: 
Batch equilibrium measurements
Weight distribution coeffi cients,  (amount per g of dry ion exchange resin/amount per mL of the solution), were determined by batch equilibration at temperatures between 25 and 85°C. A known amount of the resin (ca. 0.2 g) was placed in a conical fl ask together with 10 mL of the solution of appropriate composition containing a mixture of individual elements or their radioactive tracers. After 20 hours of equilibration at a given temperature an aliquot of the solution was withdrawn and analysed by ICP-MS or -ray spectrometry. The distribution coeffi cients were calculated from the formula:
where: A 0 -initial concentration (or count rate) of the standard solution, A s -concentration (or count rate) after equilibration, V -volume of the solution [mL], m j -mass of the dry ion exchange resin [g] .
Column experiments
Glass and jacketed glass columns with an internal diameter (ID) of 3-6 mm were employed in column experiments. The resin bed of desired length was supported on a quartz wool plug. The solution of appropriate composition was passed through the column at a fl ow rate of 0.5-1.5 cm·min -1 using a Pharmacia LKB P-1 peristaltic pump. An ultra thermostat (Julabo Labortechnik GmbH) was used to maintain the desired temperature. The effl uent was collected in fractions of established volume in test tubes by an FC 203B fraction collector (Gilson Medical Electronics, Inc.). The fractions were monitored by -ray spectrometry when radioactive tracers were used as well as by ICP-MS when non--radioactive elements were involved. 
Microwave-assisted total digestion
Known amounts (maximum weight ca. 250 mg) of NCS DC73316 Chinese Stream Sediment were weighed into special Tefl on vessels. Then 6 mL of concentrated HNO 3 and 2 mL of 40% HF were added. When decomposition was completed, 12 mL portions of 4% H 3 BO 3 solution were introduced to the samples and the vessels were re-sealed. The same sample size of Tea Leaves (INCT-TL-1) was digested by means of 6 mL of concentrated HNO 3 , 2 mL of 30% H 2 O 2 and 0.5 mL of 40% HF. After digestion, 6 mL portions of 4% H 3 BO 3 solution were added to the samples and the vessels were re-sealed. Digestion of the CRMs and removal of fl uoride ions was carried out by applying the Multiwave 3000 high-pressure microwave system (Anton Paar GmbH) under controlled conditions. Programs used in this work are given in Table 1 . The resulting solutions were transferred into 50 mL PFA volumetric fl asks.
Gamma-ray spectrometric measurements and neutron activation analysis
Gamma-ray spectrometric measurements of eluted fractions were performed by the Genie 2000 Gamma Spectroscopy System (Canberra Industries) with an HPGe (high-purity germanium) well-type detector (Canberra Industries). Its active volume was 255 cm 3 , relative efficiency 55%, well depth 40 mm and well diameter 16 mm. The average energy resolution amounted to 2.1 keV for the 1332 keV peak of 60 Co. Neutron activation analysis (NAA) was employed for the determination of rare earth elements in Tea Leaves (INCT-TL-1) and NCS DC73316 Chinese Stream Sediment both in solid samples and in samples from which the analytes were isolated while performing the elaborated separation schemes. In the fi rst case, ca. 100 mg of the material was weighed into a polyethylene (PE) capsule (Type "V", Vrije Universiteit, Biologisch Laboratorium, The Netherlands) and sealed. Isolated fractions of REEs were concentrated down to a small volume (500 L) and quantitatively transferred to PE capsules. The REE standards were prepared by weighing aliquots of standard solutions in PE capsules and evaporating to dryness before encapsulation. The irradiation package consisted of samples, standards and an empty capsule (blank) wrapped together in aluminium foil. Neutron activation was performed in the Maria nuclear reactor (Świerk, Poland) under a thermal neutron fl ux of 10 14 n·cm 
ICP-MS measurements
The ELAN DRC II inductively coupled plasma quadrupole mass spectrometer (PerkinElmer) equipped with a cross fl ow nebulizer, a Scott double-pass spray chamber and Ni cones was employed for ICP--MS measurements. According to the manufacturer's recommendations, daily performance checks were always executed before series of analyses commenced. 
IC-UV/VIS measurements
The fraction of REEs obtained from the Separation Scheme 1 (in 1.5 mL of 0.125 M HNO 3 ) was injected into the chromatographic column using a 530 L sample loop. The analyses of REE fractions separated from CRMs were performed by a Dionex 2000i/SP ion chromatograph (Dionex Corporation, 1228 Titan Way, Sunnyvale, CA, USA) equipped with a Dionex VDM-II UV-VIS variable wavelength detector and a gradient pump (Dionex AGP). The REE cations were separated using a Dionex IonPac CS3 analytical column equipped with an IonPac CG3 guard column and -HIBA as a complexing eluent. A combined linear gradient and isocratic elution mode as well as other conditions of the REE analysis (Arsenazo III as the post-column reagent:  = 658 nm with fl ow rate = 0.7 mL·min -1 , sample loop = 530 mL and column temperature = 70°C) were used.
Procedure 1 (Separation Scheme 1)
When elaborating ion exchange chromatographic separations, radioactive tracers were dissolved in 7 M nitric acid. A mixture of tracers was evaporated three times to wet salts with 1.5 M nitric acid and fi nally was dissolved in 1.5 mL of the same solution. Such prepared sample was transferred to the top of the column fi lled with Dowex 50WX8 ion-exchange resin. Previously the column was conditioned with 1.5 M nitric acid at a temperature of 45°C. The effl uent was collected in 2 mL fractions and measured by -ray spectrometry. Alternatively, when non-radioactive elements were used, the fractions were analysed by ICP-MS.
The procedure that was adopted in the end for the determination of REEs in the wet-ashed INCT-TL-1 CRM was as follows: after mineralization of two 250 mg samples they were combined and evaporated to wet salts, dissolved in 2 mL of concentrated HNO 3 and evaporated to a small volume. Subsequently the sample was evaporated with 1 mL of HNO 3 + 1 mL of H 3 BO 3 to wet salts (removal of fl uorides), dissolved in 1 mL of concentrated HNO 3 , evaporated nearly to dryness and similarly evaporated three times with 1.5 mL of 1.5 M HNO 3 . Finally, the sample was dissolved in 1.5 mL of 1. . Alkali, alkaline earth and some other divalent elements were eluted with 65 mL of 1.5 M HNO 3 . REEs together with some other mostly tervalent and tetravalent elements were eluted with 55 mL of 3.3 M HNO 3 . The REE fraction was evaporated to wet salts, then dissolved in 8 M HBr, evaporated to dryness followed by evaporation three times with 1.5 mL of 8 M HBr. Finally, it was dissolved in 1. 
Procedure 2 (Separation Scheme 2)
During radioactive tracer experiments aimed at establishing optimum conditions for the quantitative isolation of rare earth elements, a small volume (50-100 L) of a solution containing radioactive tracers of La, Ce, Nd, Sm, Eu, Tb, Tm, Yb, Lu and Sc was introduced onto the top of the column. Then, the solution of appropriate composition was passed through the column with a fl ow rate of 0.5-1.5 cm·min -1 at room or established elevated temperatures. An ultra thermostat was used to maintain the desired temperature. The effl uent was collected in test tubes as fractions of equal volume, using a fraction collector.
The following procedure was fi nally applied to separate REEs from other accompanying elements present in the analysed materials. The digested sample was evaporated to dryness, dissolved in ca. 3 mL of 1 M HNO 3 and introduced onto the top of the Purolite S-950 column (0.127 cm 2 × 9.5 cm, particle size 50-100 m), which was previously equilibrated with a large excess of 1 M HNO 3 . The solution of the sample contained less than 500 and 80 mg of material of biological and geological or environmental origin, respectively. The bed was subsequently washed with 10 mL of 1 M HNO 3 at room temperature, 50 mL of 1 M citric acid + 1 M NH 4 NO 3 + 1.8 M NH 3 at t = 60°C and 30 mL of 0.5 M nitrilotriacetic acid (NTA) + 1 M NH 4 NO 3 + 1.6 M NH 3 at t = 60°C. The last fraction (containing isolated REEs) was evaporated gently to wet salts in a quartz beaker, avoiding overheating. In order to mineralize NTA, the residue was dissolved in 10 mL of concentrated HNO 3 and the sample was subsequently heated. At the beginning, portions of several drops of 30% H 2 O 2 (altogether 2 mL) were carefully added. The solution was concentrated to a small volume and treated with 2 mL portions of concentrated HCl (to convert nitrates into chlorides) until the nitrogen oxides disappeared. The next step was evaporation nearly to dryness and dissolution in 3 mL of 0.5 M HCl. Then, the sample was introduced onto the top of the Dowex 50WX8 [H + ] column 0.384 cm 2 × 9.5 cm, 200-400 mesh. The bed was washed with 50 mL of 0.5 M HCl to remove ammonium chloride and other impurities that resulted from carrying out the above separation procedure. A fraction containing rare earth elements was obtained by elution with the aid of 30 mL of 5 M HNO 3 . Finally, it was concentrated, transferred quantitatively into a 15 mL PE centrifuge tube, adjusted to the desired volume and weighed.
Results and discussion

Separation Scheme 1
The scheme was devised by taking into account the general rules governing the selectivity of ion exchange reactions [13] , our previous experience in the domain of REE separation [14, 15] and some optimizing column experiments. The separation of REEs from thorium by elution from sulphonic acid resins with strong mineral acids is diffi cult but according to the literature [16] Tables 2 and 3, respectively. From the weight distribution coeffi cients determined by batch equilibration (see Tables 2 and 3) , corresponding bed distribution coeffi cients, ', were calculated from the equation:
where d z is bed density (here d z = 0.376 g of the dry ion exchanger per mL of the swollen resin bed), and ' stands for the approximate peak elution volume of a given element expressed in column bed volumes [13] . In addition, separation factors of thorium with respect to lanthanum and scandium, respectively, in the investigated systems were obtained from the equations:
Calculated values of bed distribution coeffi cients and separation factors are also included in Tables 2  and 3 .
As follows from these data, the optimum conditions for the separation of Th from the REE group were a medium of 3.3 M HNO 3 at 45°C and this was fully confi rmed in the elution experiments (see Fig. 1 ). However, other tetravalent elements, e.g. Hf behaved in this system more like a REE than Th.
The whole of Separation Scheme 1, as shown in Fig. 2 , also involved elimination of most of the uni-and divalent elements by elution from the Dowex 50WX8 [H + ] column with 1.5 M HNO 3 at 45°C (see Fig. 3a ) followed by elution of REEs with 3.3 M HNO 3 at 45°C, while leaving thorium in the column. The REE fraction was further purifi ed from other trivalent elements by rapid elution with 8 M HBr using the Dowex 1X4 [Br -] column which retained elements forming relatively strong bromide complexes (Fe, In, Ga, etc. -see Fig. 3b) .
A dozen or so 150-200 mg samples of INCT-TL-1 Tea Leaves were digested and dissolved as described in the Experimental section, separated using Separation Scheme 1 and the rare earth fraction analysed by ICP-MS. The individual results were processed by a procedure devised earlier by a member of our research group [17] and the fi nal outcome is presented in Table 4 . As can be seen, the results are in good agreement with the certifi ed values or "tentative recommended values" (TRV) [18] . 
Separation Scheme 1 was also used together with ion exchange chromatography [19, 20] and exemplary results from single runs are shown in Table 4 and Fig. 4 . While this approach might look attractive, impurities that remained in the REE fraction interfered with the determination of some lanthanides and Sc, the results for deviating from accurate ones might occur for individual lanthanides, and in general the reproducibility of results was not satisfac- tory. Because of these problems and the fact that only a limited number of lanthanides could be quantifi ed, this aspect of the investigation was not pursued.
Separation Scheme 2
Our earlier experience in the fi eld of ion exchange chromatography indicates that amphoteric ion exchange resins [21] [22] [23] [24] [25] [26] [27] might be potentially useful for the selective isolation of rare earth elements. Resins of this type contain functional groups, which can retain both cations and anions depending on the composition of the external solution. This feature can be differentiated from conventional monofunctional ion exchange resins that possess either cationic or anionic exchange sites.
Numerous column experiments were carried out to identify an ion exchange system suitable for the isolation of REEs. As the stationary phase, three amphoteric resins were examined, namely Retardion 11A8 containing quaternary ammonium groups and an equivalent of carboxylate groups, Chelex 100 with iminodiacetic acid groups, and Purolite S950 with aminophosphonic acid groups. The mobile phase was a solution, with a constant pH, composed of neutral salts (NaNO 3 or NH 4 NO 3 ) and sodium or ammonium salts of the following complexing organic acids: citric (CA), tartaric (TA), diethylenetriaminepentaacetic (DTPA) and nitrilotriacetic (NTA). As is known, the temperature may be in some cases a critical parameter to achieve effective separation of elements of interest from others by ion exchange chromatography. Therefore, a series of elutions was performed not only at room temperature but also at elevated temperatures. Attempts to use ion exchange resins like Retardion 11A8 and Chelex 100 for REE isolation turned out to be unsuccessful, despite applying various combinations of pH and composition of the eluent as well as temperature of the process. A typical result of these investigations is the elution presented in Fig. 5 . As can be seen, alkali and alkaline earth metals can be rapidly eluted at the beginning. Unfortunately, a number of elements exhibit similar ion exchange behaviour, as lanthanides and scandium. Thus, their separation as an individual fraction is impossible.
This aim was fi nally fulfi lled by exploiting the third ion exchange resin, i.e. Purolite S950, which retains many metals in the form of chelates with aminophosphonic acid groups. As a result of many experiments, the chromatographic procedure based on a stepwise elution was elaborated (Fig. 6) . Traces of REEs together with accompanying elements in a solution of 1 M HNO 3 were introduced onto the column fi lled with Purolite S950. The fi rst step was elution with 1 M HNO 3 at room temperature. Monovalent and divalent elements (alkali metals, alkaline earth metals, Cu, Mn, Zn, Cd, Ni, Pb, Co, etc.) and the part of the Cr, Al, Ga were removed from the column. The next step was to rinse with a solution of the composition: 1 M ammonium citrate + 1 M NH 4 NO 3 + 1.8 M NH 3 (pH  9.7) at t = 60°C. Together with the rest of the Cr, Al and Ga, metals such as Sb, Fe, Ti, Mo, Bi, Sn and V that remained on the column while the previous stage was performed, were eluted. The elements of interest, i.e. lanthanides, yttrium and scandium, were fi nally removed by means of a solution of 0.5 M NTA ammonium salt + 1 M NH 4 NO 3 + 1.6 M NH 3 (pH  9.6) at t = 60°C. It is worth emphasizing that tetravalent metals, i.e. U, Th, Zr and Hf, remain fi rmly bound to the resin. Desorption of Sc poses a problem because of a broad band with a long tail resulting in it failing to elute quantitatively in contrast to all other REEs. As was shown using radioactive tracers, traces of scandium were still observed in the column even after passing quite a large volume of the eluent through it. The probable cause of such behaviour seems to be poor kinetics of the reaction, where aminophosphonic acid groups of Purolite S950 (binding Sc in the stationary phase) are replaced by NTA anions and then the newly formed chelate is transferred to the mobile phase.
Separation Scheme 2 in its entirety, based on chromatographic isolation of REEs employing the Purolite S950 ion exchange resin, is shown in Fig. 7 . Rather high concentrations of NTA and NH 4 NO 3 in the fi nal fraction were the reasons why the direct determination of the analytes by ICP-MS as well as NAA was impossible. Therefore, it was necessary to introduce additional steps to mineralize the NTA and then eliminate the ammonium salts. The latter purpose was rapidly and effectively realized when the strongly acidic cation exchange resin Dowex 50WX8 was used. Rinsing of the column with 0.5 M HCl resulted in the removal of NH 4 + together with traces of other cations originating from the reagents applied while performing the previous separation stages. Rare earth elements are fi nally eluted by means of a solution of 5 M NHO 3 and after being concentrated the effl uent may be analysed using ICP-MS and NAA. Separation Scheme 2 assured good selectivity of REE isolation. The analysis of real samples by ICP-MS revealed that the presence of many other elements in the REE fraction did not exceed the level normally observed in the blank.
The results of REE determination in the CRM Tea Leaves (INCT-TL-1), with the aid of ICP-MS as well as NAA, obtained after performing Separation Scheme 2 are shown in Table 5 . Analogous data for the other CRM, namely Chinese Stream Sediment (NCS DC73316) are listed in Table 6 . As can be seen, the analytical results remain in good agreement and for some elements in the very good agreement with the certifi ed values. An exception to the rule is scandium, for which the results are distinctly lower due to the above-mentioned reasons so its elution using Purolite S950 was incomplete.
Direct measurements and their comparison with those employing REE pre-separation
Results of direct measurements on solid and wet--ashed samples of INCT-TL-1 by INAA and ICP-MS, respectively, are shown in Table 7 . Table 8 presents analogous results obtained for NCS DC73316.
In the case of biological materials (INCT-TL-1) the direct ICP-MS method yields correct results for most of the lanthanides (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm and Lu -see Table 7 ). The criterion for accurate results was the overlapping of the confi dence interval of the experimental results with the uncertainty range of the certifi ed value or tentative recommended value (TRV) [18] . The result for Yb, (99.3 ± 5.3) ng·g -1 , is too low in comparison with the certifi ed value (118 ± 13) ng·g -1 . On the other hand, after pre-separation of the REE group with the aid of Separation Scheme 2 the results by ICP-MS (119 ± 5), and INAA (119 ± 7), cf. Table 5 , agree well with the certifi ed value. Good agreement with the certifi ed value for Yb in INCT--TL-1 was confi rmed also by INAA results (131 ± 10 -see Table 7 ) and ICP-MS after pre-separation by Separation Scheme 1 (106 ± 4 -see Table 4 ). The accuracy for yttrium could not be checked because neither the certifi ed value nor the TRV for this element was available. However, there is fairly good agreement between results determined by direct ICP-MS measurements on digested INCT-TL-1 samples (1075 ± 56) and those obtained after using Separation Scheme 1 (1031 ± 44) and Separation Scheme 2 (1010 ± 32), respectively.
A completely erroneous result was obtained for scandium (1173 ± 391) when compared to its certifi ed value (266 ± 24). Far too high results for Sc came as a surprise and the reasons for such are not that clear. According to some authors [28] , digestion of organic samples with nitric acid at temperatures , that could account for serious positive errors when determining the result for Sc by ICP-MS.
After pre-separation of the REE group from the matrix the result for scandium (254 ± 57 -see Table 4 ) agrees with its certifi ed value, as does the result obtained by INAA (290 ± 18 -see Table 7 ).
Because of the distance from the reactor and radiological safety precautions, only medium-and long-lived radioisotopes could be used in the INAA procedure employed in this study. As can be seen from Table 7 , in the case of INCT-TL-1 all results for Sc, La, Ce, Nd, Sm, Eu, Tb, Tm, Yb and Lu are in good agreement with their certifi ed values. (n), where x --arithmetic mean, t 0.05 -parameter of t -Student's distribution for significance level  = 0.05 and n -1 degrees of freedom, n -number of determinations. The number of determinations is given in the parenthesis. TRV values are shown in italics.
